Cholesterol plays a key role in membrane protein function and signaling in endothelial cells. Thus, disturbing cholesterol trafficking is an effective approach for inhibiting angiogenesis. We recently identified astemizole (AST), an antihistamine drug, as a cholesterol trafficking inhibitor from a phenotypic screen. In this study, we found that AST induced cholesterol accumulation in the lysosome by binding to the sterol-sensing domain of Niemann-Pick disease, type C1 (NPC1), a lysosomal surface protein responsible for cholesterol transport. Inhibition of cholesterol trafficking by AST led to the depletion of membrane cholesterol, causing SREBP1 nuclear localization. The depletion of membrane cholesterol resulted in dissociation of mammalian target of rapamycin (mTOR) from the lysosomal surface and inactivation of mTOR signaling. These effects were effectively rescued by addition of exogenous cholesterol. AST inhibited endothelial cell proliferation, migration and tube formation in a cholesterol-dependent manner. Furthermore, AST inhibited zebrafish angiogenesis in a cholesterol-dependent manner. Together, our data suggest that AST is a new class of NPC1 antagonist that inhibits cholesterol trafficking in endothelial cells and angiogenesis.
Introduction
Cholesterol metabolism and trafficking have recently been highlighted as emerging drug targets for anti-angiogenic agents. Cholesterol is a vital component of the membrane bilayer where it plays a key role in maintaining the membrane structure and regulating intracellular transport and signal transduction [1, 2] . In endothelial cells, plasma membrane cholesterol is important for VEGFR2-mediated signaling and its depletion in turn causes inhibition of angiogenesis [3, 4] . We and other groups recently showed that cholesterol trafficking is important for proper intracellular angiogenic signaling. Small molecule inhibitors of Niemann-Pick C1 (NPC1), a lysosomal cholesterol transport protein, or those that change lysosomal pH could block cholesterol trafficking at the lysosomes, leading to accumulation of free cholesterol inside the lysosomal lumen, inhibition of mTOR signaling in endothelial cells and thereby blocking angiogenesis [5] [6] [7] . Based on this notion, we previously screened an FDA-approved drug library (Johns Hopkins Drug Library, JHDL) to identify cholesterol trafficking Ivyspring International Publisher inhibitors from the existing drug space. From the study, we found 13 existing drugs, including cepharanthine (CEP) and astemizole (AST), as cholesterol trafficking inhibitors in endothelial cells [8] .
AST is a non-sedating selective H1-histamine receptor antagonist that has been approved in the UK and USA since the mid-1980s for the treatment of allergic rhinitis [9] . Due to rare but fatal side effects related to the inhibition of hERG potassium channel, it was withdrawn from the global market in 1999 [10] . However, AST was recently repurposed as an anti-malarial drug and is being sold in more than 30 countries [11] . The ether-a-gogo (Eag1) and Eag-related gene (hERG) potassium channels are two well-known targets of AST [12, 13] . A recent report showed that AST inhibited Eag1-dependent tumor growth by inhibiting tumor cell hypoxia inducible factor (HIF)-1α activity and the secretion of vascular endothelial growth factor (VEGF), thereby blocking tumor angiogenesis [14] . More recent studies also suggested a direct antitumor effect of AST with regard to the inhibition of Eag1 potassium channel [15, 16] . However, it is unclear whether Eag1 or hERG potassium channel is the sole target of AST for its antitumor effects. Furthermore, the Eag1 or hERG-related pharmacological effect accompanies a risk of fatal side effects, limiting further clinical development of the drug as an antitumor agent. Therefore, it is important to elaborate other possible molecular targets of AST in addition to Eag1 or hERG in its antitumor effects.
In this study, we show that AST inhibits angiogenesis by binding to NPC1 and blocking endothelial cell cholesterol trafficking. The blockade of cholesterol trafficking led to inhibition of mTOR signaling, a master regulator of cellular metabolism, protein synthesis and proliferation, in endothelial cells. Our study provides strong evidence that the NPC1-mediated cholesterol trafficking pathway is an additional target of AST for its anti-angiogenic and antitumor effects.
Materials and Methods

Cell culture
Human umbilical vein endothelial cells (HUVEC) were purchased from Thermo Fisher Scientific and grown in Medium 200 supplemented with Low serum growth supplement (LSGS) (Thermo Fisher Scientific, Waltham, MA). A549 cells were purchased from American Type Culture Collection (ATCC, Manassas, VA). A549 cells were grown in RPMI Medium 1640 supplemented with 10% fetal bovine serum (Thermo Fisher Scientific). All the cells were cultured in a humidified incubator at 37°C adjusted to 5% CO2.
Reagents and antibodies
Astemizole (AST) and cholesterol were purchased from Santa Cruz Biotechnology (Dallas, Texas). Methyl-β-cyclodextrin, filipin, itraconazole and N-Phenylthiourea (PTU) were purchased from Sigma-Aldrich (St. Louis, MO). Hoechst 33342 (H3570) was purchased from Thermo Fisher Scientific. Antibodies against S6 kinase (S6K, sc-8418), phospho-S6K (Thr421/Ser424, sc-7984-R), glyceraldehyde 3-phosphate dehydrogenase (GAPDH, sc-365062) and lysosomal-associated membrane protein 1 (LAMP1, sc-20011) and SRE-binding proteins (SREBP-1, sc-8984) were purchased from Santa Cruz Biotechnology. Antibodies against eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1, 9452S), protein disulfide isomerase (PDI, 3501S) and mammalian target of rapamycin (mTOR, 2983S) were purchased from Cell Signaling Technology (Danvers, MA). Antibody against GM130 (610823) was purchased from BD Biosciences (San Jose, CA). Antibody against NPC1 (13926-1-AP) was from Proteintech (Chicago, IL 
NPC1 competitive binding assay
NPC1 competitive binding assay was performed as previously described [17] . Briefly, A549 cells were seeded into 6-cm dishes at the density of 3 × 10 6 cells overnight and treated with competitors for 30 min before addition of 200 nM itraconazole photo-affinity probe for 1 h. The cells were rinsed with cold PBS and irradiated with UV for 3 min on ice. After cell lysis with 0.4% sodium dodecyl sulfate (SDS) and sonication, proteins were denatured by boiling for 5 min followed by capture of the itraconazole photo-affinity probe by click reaction with biotin-azide (Click Chemistry Tools, Scottsdale, AZ). Proteins were then precipitated with four volumes of cooled acetone to remove unreacted biotin-azide, and after resolubilization the biotin-labeled proteins were isolated with streptavidin beads (Thermo Fisher Scientific) and subjected to Western blotting with NPC1 antibody.
Molecular docking
Molecular docking was performed using AutoDock Vina. The structure file for the protein (5U73) was obtained from protein data bank (http://www.rcsb.org/pdb) [18] , and the structure files for itraconazole, U18666A, cholesterol and astemizole were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The configuration settings were followed as described previously [17] .
Cell proliferation assay
HUVEC were seeded in 96 well plates (2 × 10 3 cells /well) or 12 well plates (5 × 10 4 cells /well) and treated with compounds for 72 hr. AlamarBlue reagent (Thermo Fisher Scientific) was added into the media at a final concentration of 10% for 2 h. The fluorescence signal was measured with an excitation wavelength of 560 nm and an emission wavelength of 590 nm using a SpectraMax M5 fluorescence microplate reader (Molecular Devices, Sunnyvale, CA). The data were plotted using the GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA).
Wound healing cell migration assay
The wound healing assay was performed as previously described [8] . HUVEC were seeded in a 96-well ImageLock Microplate (Essen BioScience, Ann Arbor, MI) at the density of 1 × 10 4 cells/well. The wound area was created by the WoundMaker TM (Essen BioScience). Cells were then treated with compounds for 28 h. Cell migration was measured in real-time using the IncuCyte ZOOM based on relative wound density. The data were plotted by GraphPad Prism 5.0 software.
Tube formation assay
A 15 well µ-slide plate (ibidi, Martinsried, Germany) was coated with 10 µL Matrigel (BD Biosciences) at 37°C for 30 min until solidified. HUVEC treated with compounds were seeded on the Matrigel-coated wells at a density of 1.5 × 10 3 cells/well in 50 μL medium. After 20 h incubation, tubular structures were stained with Calcein-AM (2 μM, Thermo Fisher Scientific) and observed under a Carl Zeiss Axio Observer fluorescence microscope (Carl Zeiss). Area of tube formation was quantified using the Angiogenesis Analyzer for Image J [19] .
Western blotting
HUVEC seeded in 6-well plates at a density of 1 × 10 5 cells/well were treated with compounds for 24 h. Cells were lysed by 2× Laemmli buffer (Bio-Rad, Hercules, CA) and run on the SDS-PAGE gel prior to transfer to a nitrocellulose membrane. The membrane was blocked with 5% non-fat dried milk at room temperature for 1 h and incubated with primary antibodies at 4°C overnight. The membrane was then incubated with HRP-conjugated secondary antibody at room temperature for 1 h. The protein was detected with enhanced chemiluminescence (ECL, Bio-Rad, Hercules, CA) under a ChemiDoc MP Imaging system (Bio-Rad).
Zebrafish angiogenesis assay
The transgenic zebrafish line Tg(fli1a:EGFP)y1 was used to evaluate in vivo angiogenesis as previously described [20] . Zebrafish embryos were generated by natural pairwise mating and maintained at 28°C in embryo water (0.2 g/L of Instant Ocean ® Salt in distilled water). AST (100 and 200 μM in PBS containing 1% DMSO) with or without cholesterol-cyclodextrin complex (800 μg/mL cholesterol in 10% methyl-β-cyclodextrin) was directly injected into embryos at 8 hour-postfertilization (hpf) with Nanoject II Auto-Nanoliter Injector (Drummond Scientific Company, Broomall, PA) at the injection volume of 4.6 nL. After 24 h, N-phenylthiourea (PTU, 3 mg/mL, Sigma-Aldrich) was added into the embryos. All the treatment groups were incubated at 28°C for 72 h. The formation of subintestinal vessels (SIVs) were observed under a Carl Zeiss LSM 710 confocal microscope. The number of SIV branch points were used to assess the zebrafish angiogenesis and plotted with the GraphPad Prism 5.0 software.
Statistical analysis
Statistical differences of the data between control and treatment groups were tested by two-sided Student's t-test or One Sample t-test with the GraphPad Prism 5.0 software. The P values less than 0.05 was considered significant.
Results
AST induces NPC-like phenotype in endothelial cells
We previously conducted a phenotypic screen to identify endothelial cell cholesterol trafficking inhibitors from a FDA-approved drug library and AST was amongst the candidate drugs identified from the screening [8] . In this study, we further investigated the pharmacological effects of AST at the cellular and molecular levels in endothelial cells. We have shown that all the cholesterol trafficking inhibitors identified, including AST, induced a significant accumulation of cholesterol in the perinuclear region in endothelial cells, a phenomenon called NPC-like phenotype [8] . We then analyzed the precise location of the cholesterol accumulation in endothelial cells using the subcellular organelle markers, including LAMP1 (lysosomal-associated membrane protein 1, a marker of late endolysosomes), PDI (protein disulfide isomerase, a marker of the endoplasmic reticulum) and GM130 (a marker of cis-Golgi). Immunofluorescence analysis of intracellular cholesterol and organelle markers revealed that cholesterol accumulation by AST was nicely colocalized with the LAMP1-positive late endolysosomes, but not with that of endoplasmic reticulum or Golgi (Fig. 1) . Itraconazole, a small molecule inhibitor of NPC1, showed a similar effect on endothelial cell cholesterol. These data demonstrated that AST inhibited cholesterol trafficking in the late endolysosomes and induced NPC-like phenotype in endothelial cells.
AST binds to the sterol-sensing domain of NPC1
NPC1 is a lysosomal surface protein that exports free cholesterol out of lysosomes through the N-terminal cholesterol-binding pocket and the sterol sensing domain (SSD) in the integral transmembrane portion [18, 21] . Small molecule cholesterol trafficking inhibitors, U18666A and itraconazole are known to bind to the SSD of NPC1 and induce cholesterol accumulation in the lumen of the late endolysosomes [17, 22] . Previously we used an itraconazole photo-affinity probe that enables capture of NPC1 protein in living cells to test the screening hits for NPC1 binding. Among all the screening candidates, two drugs including cepharanthine and AST were able to compete with the itraconazole photo-affinity probe for the binding to NPC1 [8] . Here we further verified the binding of AST to NPC1 using a molecular docking and the itraconazole-NPC1 competitive binding assay. We first conducted a molecular docking analysis with the full length NPC1 structure (5U73) [18] to test whether AST shares a common binding site with other known NPC1 ligands. Itraconazole nicely fit to the SSD pocket of the transmembrane segment in NPC1, which was in agreement with the previous report [17] (Fig. 2A) . AST bound to the same site in NPC1 (Fig. 2B) . A superimposed docking simulation suggested that the binding site of AST overlapped with all other 3 ligands, including itraconazole, cholesterol and U18666A (Fig. 2C) . The binding affinities for AST, itraconazole, cholesterol and U18666A were determined to be -9.2, -9.9, -8.9 and -8.7 kcal/mol, respectively. Next, to verify whether astemizole shares the same binding site with itraconazole in NPC1, we employed the itraconazole-NPC1 competitive binding assay. Intracellular NPC1 protein was successfully captured and pulled down by itraconazole photo-affinity probe and this capture was competed away by the pre-incubation of the cells with AST (Fig. 2D) . Itraconazole or cepharanthine used as positive controls also competed away the probe binding to NPC1. These data suggested that AST occupied the SSD of NPC1 and prevented the itraconazole photo-affinity probe from binding to the SSD. These data further implied that, similar to itraconazole, AST occupied the SSD of NPC1, a cholesterol binding pocket, and blocked cholesterol export from the lysosomes, leading to the high accumulation of cholesterol in the lysosomal lumen. HUVEC were treated with AST with or without CHOL for 24 h and were subjected to immunofluorescence analysis of LAMP1 (red), mTOR (green) and filipin (blue). Scale bar = 10 μm. (C) HUVEC were treated with AST with or without CHOL for 24 h and the lysates were subjected to Western blotting for 4EBP1, phospho-S6 kinase (p-S6K) and total S6 kinase (S6K). Note the multiple bands of 4EBP1, representing upper bands as hyper-phosphorylated forms and lower bands as hypo-phosphorylated forms. GAPDH was used as an internal loading control.
AST causes depletion of cholesterol from intracellular membrane
Since AST blocks cholesterol transport from the lysosomes, it could lead to the depletion of intracellular cholesterol content. We thus analyzed the membrane cholesterol sensor, sterol regulatory element-binding protein 1 (SREBP1). When cells are rich in cholesterol, SREBP1 is trapped in the endoplasmic reticulum (ER) membrane by a sterol-mediated protein-protein interaction with SCAP (SREBP cleavage-activating protein) and INSIG-1 [23] . The lack of cholesterol promotes the release of the SREBP1-SCAP complex from the ER. SREBP1 will then be matured in the Golgi and transported into the nucleus for transcriptional activation of target genes including those involved in cholesterol biosynthesis [24] . In control cells or cells treated with cholesterol, SREBP1 was mainly located in the cytosol. However, in cells treated with AST, a large portion of SREBP1 translocated to the Golgi and nuclei, suggesting an activation of SREBP1 (Fig. 3A) .
Once cellular cholesterol was replenished by cholesterol-cyclodextrin complex, the AST-induced nuclear localization of SREBP1 was reversed back to the cytosol (Fig. 3A) . These data suggested that AST caused depletion of intracellular membrane cholesterol and led to the nuclear localization of SREBP1 in a cholesterol dependent manner.
AST dissociates mTOR from lysosomes in a cholesterol-dependent manner
Cellular cholesterol content is important for proper membrane protein signaling in endothelial cells. In particular, mTOR plays an important role in sensing intracellular membrane cholesterol [5, 8] . We therefore analyzed the effect of the depletion of intracellular membrane cholesterol by AST on mTOR localization in endothelial cells. Immunofluorescence analysis showed that mTOR was nicely co-localized with the late endolysosome marker, LAMP1 in control endothelial cells. However, the treatment of cells with AST dose-dependently dissociated mTOR from the LAMP-1-positive endolysosomes (Fig. 3B) . The dissociation of mTOR from endolysosomes was significantly reversed by cholesterol replenishment (Fig. 3B) , suggesting a cholesterol-dependent association of mTOR with the lysosomal surface and its inhibition by AST. We further showed that AST dose-dependently inhibited mTOR signaling, as shown by reduced phosphorylation of the eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) and S6 kinase (Fig. 3C) . Cholesterol replenishment also reversed the inhibition of mTOR signaling by AST, further demonstrating that AST-induced intracellular cholesterol depletion led to an inhibition of mTOR signaling in endothelial cells.
AST inhibits mTOR signaling and endothelial cell proliferation
mTOR is a central signaling pathway in endothelial cells regulating cell proliferation, cell cycle progression, protein synthesis, cell migration and angiogenic sprout formation [25, 26] . To investigate the causal relationship between AST-mediated inhibition of mTOR and endothelial cell proliferation, we analyzed a dose-response curve of the inhibition and cholesterol rescue effects. Treatment of cells with itraconazole or AST dose-dependently inhibited mTOR signaling as determined with the reduction of hyper-phosphorylated forms of 4EBP1 and S6 kinase ( Fig. 4A and B) . The inhibition of mTOR by itraconazole began from 0.625 µM treatment, while AST showed inhibition at 2.5 µM treatment. In cell proliferation assay, half-maximal inhibitory concentrations (IC50) of itraconazole and AST were determined to be 0.86 and 4.7 µM, respectively ( Fig.   4C and D) . In both assays, AST inhibition was seen in the low-micromolar range and was 4-5 times less potent than itraconazole. Therefore, there is a correlation between inhibition of mTOR and endothelial cell proliferation. We then examined the cholesterol-dependency of the anti-proliferative effect of AST on endothelial cells. While AST dose-dependently inhibited the endothelial cell proliferation, cholesterol replenishment almost completely rescued the inhibition (Fig. 4E and F) . This effect was again well correlated with the cholesterol rescue of the AST-mediated mTOR inhibition.
AST inhibits angiogenesis in a cholesterol-dependent manner
Next, we examined the effect of AST and cholesterol rescue on angiogenesis in vitro using endothelial cell migration and tube formation assays. We used AST concentrations up to 5 µM for all angiogenesis assays as it did not cause any cytotoxicity in endothelial cells (Supplementary Fig.  S1 ). A real-time, wound-healing migration assay showed that AST dose-dependently inhibited endothelial cell migration (Fig. 5A and B) . However, the inhibition was nearly completely rescued by the addition of cholesterol (Fig. 5A and C) . In tube formation assays, AST again inhibited endothelial cell tube formation on Matrigel and the inhibition was significantly rescued by the addition of cholesterol ( Fig. 5D and E) . We further evaluated effect of AST and cholesterol on angiogenesis in vivo using the Tg (fli1a:EGFP)y1 transgenic zebrafish line. During the zebrafish embryo development, vasculogenesis is characterized by dorsal aorta (DA) and intersegmental vessel (ISV) formation within 12-48 hpf and angiogenic sprout is characterized by the formation of subintestinal vessels (SIV) at around 72 hpf [27, 28] . Due to a solubility and absorption issue of cholesterol into zebrafish embryo from media, we employed a microinjection of AST and cholesterol/ cyclodextrin complex into the yolk, allowing flow and diffusion to bring the compound solution into the embryo body. AST treatment resulted in a dose-dependent inhibition of angiogenic sprout formation of SIV at 72 hpf without significant effect on ISV vasculogenic vessel formation (Fig. 6A) . Co-treatment of the zebrafish with cholesterol significantly rescued the anti-angiogenic effect of AST on SIV formation (Fig. 6A and B) . These results demonstrated that AST inhibited angiogenesis in a cholesterol-dependent manner.
Discussion
AST was originally developed as an antihistamine for the treatment of allergy symptoms [9] . It was however withdrawn from market by the manufacturer in 1999 due to the potential risk of ventricular arrhythmias at high doses, especially when used together with cytochrome P450 inhibitors [29] . It was later revisited for its promising anti-malarial and anticancer properties [11] . The molecular target of AST for its anti-malarial and anticancer effects were believed to be Eag1 and hERG potassium channels [12, 13] . As most cancer studies with AST have focused on Eag1 or hERG inhibition, to our knowledge there are no reports of additional molecular targets of AST involved in its anticancer effect. In this study, we showed that AST binds to NPC1 and inhibits intracellular cholesterol trafficking, causing a high accumulation of free cholesterol in the lumen of late endolysosomes. NPC1 is a transmembrane protein located in the membrane of endolysosomes, whereas NPC2 is a lysosomal luminal protein. Mutations in either NPC1 or NPC2 cause a rare genetic disease, called Niemann-Pick Type C (NPC). NPC is a lysosomal storage disease characterized by a high accumulation of free cholesterol and sphingolipids in the lysosomes [30, 31] . Cholesterol is delivered into the cells in the form of low-density lipoprotein (LDL) via receptor-mediated endocytosis. The LDL-containing endosomes are then matured and fused with lysosomes where cholesterol is unesterified by lysosomal acid lipases and captured by NPC2 in the lysosomal lumen. NPC1 then accepts the free cholesterol from NPC2 through its N-terminal cholesterol binding pocket and transfers cholesterol to the SSD before transporting out from lysosomes [18, 21] . U18666A and itraconazole are well known cholesterol trafficking inhibitors that bind to the SSD of NPC1 and inhibit cholesterol transport out of lysosomes in a mutually competitive manner [17, 22] . Our live-cell NPC1 competitive binding assay and molecular docking analyses revealed that AST shares a common binding site with itraconazole, cholesterol and U18666A within the SSD of NPC1. Its strong binding affinity to NPC1 and clear phenotypes on cholesterol trafficking suggest that AST is a new member of the NPC1 antagonist class. We further showed anti-angiogenic phenotypes of AST using endothelial cell and zebrafish models and its potential mechanism of action in inhibiting angiogenesis. Firstly, AST blockade of cholesterol trafficking leads to a depletion of intracellular cholesterol, especially membranous cholesterol, as evidenced by SREBP1 activation by AST and its reversal by cholesterol replenishment. Second, cholesterol depletion leads to dissociation of mTOR, a cholesterol sensor, from the lysosomal surface and inhibition of mTOR signaling. Third, inhibition of mTOR signaling leads to inhibition of endothelial cell proliferation, migration and tube formation, as evidenced by a dosage correlation and cholesterol rescue effects in both phenotypes. The anti-angiogenic phenotype and cholesterol rescue effect of AST was also shown in the transgenic zebrafish angiogenesis model. These data suggest that AST is a new anti-angiogenic agent blocking cholesterol trafficking and mTOR signaling in endothelial cells. Karapetyan and coworkers recently reported that astemizole induced autophagy, a hitherto unreported mode of action of the drug [32] . It can be postulated that autophagy induction by astemizole is likely to be mediated by cholesterol-dependent mTOR inhibition.
AST inhibition on Eag1 or hERG potassium channel is a double-edged sword. A number of cancer cells/patients showed high expression of Eag1 and targeting Eag1 has shown a good anticancer response in several cancer types, including gastric cancer, colorectal cancer, soft tissue sarcoma, and hepatocellular carcinoma [15, [33] [34] [35] . On the other hand, as the fatal side effects (arrhythmias) of AST come from the inhibition of the potassium channel, antagonism of Eag1 or hERG limits further clinical development of the drug for anticancer applications [36] . We observed very low expression levels of Eag1 and hERG in HUVEC compared to several tumor cell lines tested (Supplementary Fig. S2 ). This suggests that NPC1 could be more critical target protein of AST in endothelial cells than the potassium channels. Furthermore, our finding that AST inhibits cholesterol trafficking via targeting NPC1 in endothelial cells is crucial as this study could facilitate chemical modification of AST toward the NPC1 binding devoid of Eag1 or hERG binding. Further studies on the molecular recognition between AST and the SSD of NPC1 are warranted.
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